We propose a novel scheme of highly sensitive electrostatic force detection using a small oscillation amplitude of a cantilever in the second flexural mode of frequency-modulation atomic force microscopy, which is useful for Kelvinprobe force microscopy (KFM) and electrostatic force microscopy (EFM). In this novel scheme, the cantilever is mechanically oscillated at the second flexural resonance frequency with a small oscillation amplitude, while the electrostatic force detection is carried out at the first flexural resonance frequency. Because of the reduced average tip-sample distance and the low spring constant and high quality factor of the first flexural mode, the sensitivity for electrostatic force detection becomes very high. We calculated signal-to-noise ratios (SNRs) for the proposed scheme and conventional schemes, and found that the SNR of the proposed scheme is higher than that of conventional schemes. We also performed KFM/EFM measurements using the proposed and conventional schemes on metal phthalocyanine thin films.
I. INTRODUCTION
Frequency-modulation atomic force microscopy (FM-AFM) is a powerful imaging tool with a high force sensitivity [1, 2] . In FM-AFM, the interaction force between the tip and the sample is detected as a frequency shift of the cantilever when the cantilever is oscillated at its resonance frequency. In general, interaction forces between the tip and the sample surface can be categorized by their decay length as short-range forces such as chemical bonding forces or long-range forces such as van der Waals and electrostatic forces. Since the decay lengths of the short-range forces are on the order of interatomic or intermolecular distances, it is possible to achieve atomic or molecular resolution by FM-AFM.
Kelvin-probe force microscopy (KFM), which is capable of mapping the surface potential of a sample using dynamic-mode AFM [3, 4] , can be also implemented using FM-AFM. Two schemes have been proposed to implement KFM using FM-AFM. Kikukawa et al. proposed the detection of electrostatic forces with the second flexural mode, while the tip-sample distance is regulated using the first flexural mode [5] . In this scheme, a bias modula-tion voltage with the second flexural resonance frequency is applied between the tip and sample, and the modulation component of the cantilever displacement signal is detected (2nd-AM-KFM). On the other hand, Kitamura et al. developed a scheme to detect a modulated frequency shift component induced by applying a modulation bias voltage with a frequency lower than the bandwidth of the frequency demodulator [6] . In this scheme, both electrostatic force detection and tip-sample distance regulation are carried out in the first flexural mode (1st-FM-KFM). Both schemes are sensitive enough to achieve atomic resolution in surface potential images [6] [7] [8] .
Recent studies have shown that the oscillation amplitude of the cantilever, and thereby the average tip-sample distance can be reduced by using very-high spring constant cantilevers [9, 10] . The oscillation may become unstable, or the tip may jump into a static contact if a cantilever with a low spring constant is used. Kawai et al. successfully reduced the oscillation amplitude to less than 0.1 nm by using a high effective spring constant in the second flexural mode. We also succeeded in achieving molecular-resolution imaging of lead phthalocyanine (PbPc) deposited on an MoS 2 surface using the second flexural mode with an oscillation amplitude of 0.5 nm [11] . Since the average tip-sample distance is small in smallamplitude FM-AFM utilizing the second flexural mode (2nd-FM-AFM), an increase in the sensitivity of electrostatic force detection can also be expected.
In this paper, we propose a novel scheme of highlysensitive electrostatic force detection with 2nd-FM-AFM for KFM and electrostatic force microscopy (EFM). In this novel scheme, a bias modulation voltage at the first flexural resonance frequency is applied between the tip and sample, and the modulation component of the cantilever displacement signal is detected. We calculated signal-to-noise ratios (SNRs) for the proposed scheme and conventional schemes, and found that the SNR of the proposed method is higher than that of conventional methods. We also performed KFM/EFM measurements using the proposed and conventional methods on metal phthalocyanine thin films.
II. KFM USING SMALL OSCILLATION AMPLITUDE FM-AFM IN THE SECOND FLEXURAL MODE
There are two possible schemes for the detection of electrostatic forces by 2nd-FM-AFM [10, 11] : AM-KFM in the first flexural mode, and FM-KFM in the second flexural mode. Since the first flexural mode is not utilized in 2nd-FM-AFM, the modulation component in the cantilever deflection signal can be detected if a bias modulation voltage with the first flexural resonance frequency is applied between the tip and the sample (SA-AM-KFM). On the other hand, the FM-KFM scheme can be applied to the second flexural mode. In this scheme, both electrostatic force detection and tip-sample distance regulation are carried out in the second flexural mode (SA-FM-KFM). Table I summarizes possible schemes for electrostatic force detection using FM-AFM.
Since the stiffness of the cantilevers commonly used for conventional FM-AFM is on the order of 10 N/m, the oscillation amplitude at the first flexural mode is typically larger than 5 nm. However, in the 2nd-FM-AFM, the oscillation amplitude can be safely reduced to less than 1 nm because of the high effective spring constant of the second flexural mode. Since the average tip-sample distance is smaller than in the two schemes based on conventional FM-AFM, enhanced sensitivity of electrostatic force detection can be expected for SA-KFM schemes (SA-AM-KFM and SA-FM-KFM) based on the 2nd-FM-AFM, as listed in Table I . In the following discussion, we calculate the SNR for each scheme listed in Table I .
We calculated SNRs for EFM in a model system by each scheme, as the magnitude of the modulated signal, induced by a given modulation bias voltage with an offset, divided by that of the noise. The model system was a cantilever having a conical tip with a semispherical apex and a planar surface. The electrostatic force between the tip and the plane (F tip(0) ) induced by applying a voltage (V ) as a function of z, which was the distance between the apex and the plane, was given by Hudlet et al. as
where ε 0 is the dielectric constant in vacuum. r, θ, and h are the radius of the tip, half the cone angle, and the height of the cone, respectively [12] . We also took into account the uniform electrostatic force exerted on the cantilever. If we consider a cantilever with an infinitesimal length and the sample as a parallel plate system, the electrostatic force per unit length (dF cantilever(0) ) is given by
where w is the width of the cantilever. Since the displacement of the cantilever end caused by the uniformly distributed force of dF cantilever(0) is 3/8 of that caused by the concentrated force of dF cantilever(0) · l at the end [13] , we assumed that the effective force exerted on the tip by the uniformly distributed electrostatic force between the cantilever and the plane was
where l is the length of the cantilever. Note that we assumed that the force on the cantilever did not depend on z, because h is much larger than z. When a modulation bias voltage of amplitude V ac and modulation frequency f m is applied with an offset voltage of V dc as V = V dc + V ac cos 2πf m t, the total force component oscillating at f m becomes
First, we calculated the SNR for 2nd-AM-KFM. In this scheme, the tip oscillates with an amplitude A 1 at the first flexural resonance frequency f 1 as z = z 0 + A 1 (1 + cos 2πf 1 t) = z 0 + A 1 (1 + u), z 0 being the closest apexplane distance, while the modulation frequency f m is set at f 2 . The electrostatic force acting on the cantilever at f 2 is averaged over a period of 1/f 1 since f 1 and f 2 are not commensurate. Therefore the deflection caused by the total force at f 2 can be described as
where k 2 and Q 2 are the effective spring constant and quality factor of the second flexural mode, respectively. If we detect the modulated deflection using a displacement sensor with a sensitivity of s ds , the root-mean-squared amplitude of the modulated signal becomes
When the modulated signal is detected by a lock-in amplifier with measurement bandwidth B, the magnitude of noise in the output of the lock-in amplifier can be obtained by integrating the displacement noise density for the frequency range of f 2 ± B as
as shown in a schematic of the frequency spectrum in Fig. 1(a) , where n 2nd−th and n ds are the thermal displacement noise density and noise-equivalent displacement density of the displacement sensor, respectively. We assumed that the displacement sensor was an optical beam deflection sensor, and assumed a reduction of the noiseequivalent displacement density at f 2 by a factor of 3.5, since the angle of the cantilever end for a given displacement at f 2 becomes 3.5 times that of the same static displacement in an ideal case [11] . The thermal noise density for the second flexural mode n 2nd−th is given by
where k B is the thermal energy [14] , and we obtain an SNR for 2nd-AM-KFM as
Secondly, we calculated an SNR for 1st-FM-KFM. In this scheme, a bias voltage with a modulation frequency sufficiently lower than the bandwidth of the frequency demodulator was applied while the tip was oscillating with an amplitude of A 1 at f 1 . The modulated frequency shift component induced by the modulation bias voltage is given by
where k 1 is the spring constant of the first flexural mode [15] . Note that the force between the cantilever and plane does not contribute to the frequency shift. This equation reduces to
The frequency spectrum in 1st-FM-KFM is shown in Fig. 1(b) , in which two sidebands appear at f 1 ± f m . When the modulated signal is detected by the frequency demodulator and the lock-in amplifier with measurement bandwidth B, the magnitude of noise in the output of the lock-in amplifier is given by integrating the frequency noise density over the frequency range of f m ± B as [16] 
The SNR for 1st-FM-KFM becomes
Finally, we calculated SNRs for SA-AM-KFM and SA-FM-KFM. In SA-AM-KFM, the tip oscillates with an amplitude of A 2 at f 2 , while the modulation frequency f m was set to f 1 , as shown in the frequency spectrum in Fig. 1(c) . The deflection caused by the total force at f 1 becomes
in the same manner as in Eq. (5). The root-mean-squared amplitude of the modulated signal becomes
Therefore, the SNR for SA-AM-KFM becomes
in the same manner as in Eq. (9) . n 1st−th is the thermal noise density of the first flexural mode,
On the other hand, in SA-FM-KFM, as shown in the frequency spectrum in Fig. 1(d) , a bias voltage with a low modulation frequency was applied. Two sidebands appeared at f 2 ±f m , and the SNR for SA-FM-KFM becomes
in the same manner as in Eq. (13). We evaluated the SNR for each scheme using practi- Figure 2 shows plots of the SNR for each method as a function of oscillation amplitude of the flexural mode used for tip-sample distance regulation. SNRs for the conventional schemes were consistent to a similar analysis recently published by Kawai et al. [8] . Assuming that a typical oscillation amplitude in FM-AFM using the first flexural mode is 10 nm, and that 1 nm is typical of 2nd-FM-AFM, we can compare SNRs of the conventional schemes at an oscillation amplitude of 10 nm and SA-KFM schemes at 1 nm, as indicated by the arrows in Fig. 3 . As a result, the SNR of SA-AM-KFM is the highest of all schemes, mainly because of the reduction of the average tip-sample distance by the use of the second flexural resonance mode, and because of the smaller spring constant and higher quality factor of the first flexural mode than of the second. It should be noted that in SA-KFM schemes, the tip-sample distance is typically small, and applying a large modulation bias voltage induces a significant electrostatic force, which deteriorates the resolution of the topographic image. Therefore, in practice, one may set V ac lower than in conventional schemes, which reduces the SNRs of SA-KFM schemes. Since the electrostatic force between the cantilever and the sample surface is detected in AM-KFM schemes, the surface potential measured by AM-KFM schemes is averaged over a larger area than that measured by FM-KFM schemes [17] . It should also be mentioned that this effect is reduced in SA-AM-KFM because of the small amplitude operation. The following section describes the experimental results of surface potential measurements using the SA-AM-KFM scheme.
III. EXPERIMENTAL RESULTS AND DISCUSSION
We performed surface potential measurements on metal phthalocyanine molecular thin films using 1st-FM-KFM and SA-AM-KFM schemes. All measurements were performed in a ultrahigh-vacuum conditions at a typical base pressure of 3×10 −7 Pa using a commercially available AFM apparatus (JEOL JAFM-4500XT). Several optical components and electronics, such as a laser diode, a collimator, a focusing lens, and preamplifiers were replaced in order to achieve a low deflection sensor noise and a wide bandwidth [18] . A home-built FM controller [19] was used to oscillate the cantilever at its resonance frequency and to detect the frequency shift using a phase-locked loop (PLL) circuit. We used Si cantilevers (Nanoworld NCH, highly-doped, uncoated) whose nominal spring constant was 40 N/m. An MoS 2 substrate was cleaved and subsequently introduced into the vacuum chamber. The substrate was prebaked at 200
• C for 1 hour prior to the deposition of the molecules. Figure 3 shows a schematic diagram of the SA-AM-KFM. In the SA-AM-KFM, the cantilever is oscillated at f 2 for tip-sample distance regulation, while the surface potential measurement was carried out using the first flexural mode. f 1 , f 2 , Q 1 , and Q 2 were 300 kHz, 1.9 MHz, 13,000, and 9,000 respectively. The noise-equivalent displacement density of the displacement sensor at f 1 and f 2 were 45 fm/ √ Hz and 18 fm/ √ Hz, respectively. We used a fourth-order Chebyshev-type high-pass filter (HPF) and low-pass filter (LPF) to separate the signal components for stable self-oscillation of the cantilever. An HPF with a cutoff frequency of 1 MHz was used to pass the displacement signal components around f 2 , while the LPF with a cutoff frequency of 730 kHz was used to pass those around f 1 . A local oscillator was used to convert f 2 to an intermediate frequency (IF) of 4.5 MHz, since the center frequency of the PLL was fixed at the IF. Another LPF was used to obtain an excitation frequency at f 2 [19] . For SA-AM-KFM, we set f m and V ac at f 1 and 50 mV, respectively. Note that since the frequency shift at f 2 was kept constant by the feedback electronics, the frequency shift at f 1 was also constant. We also performed KFM measurements using 1st-FM-KFM, in which we set f m and V ac at 1 kHz and 0.25 V, respectively. Figure 4 shows experimental results obtained using 1st-FM-KFM and SA-AM-KFM. We deposited 4-5 molecular , respectively, and indicate that the surface potential on the aggregates was about 170 mV higher than the surrounding area. There was less noise in the surface potential and the corresponding profile taken by the SA-AM-KFM scheme than in those obtained by 1st-FM-KFM, even though the bias modulation amplitude was smaller. Finally, we demonstrated molecular-resolution surface potential imaging using SA-AM-EFM. We deposited PbPc and copper phthalocyanine (CuPc) molecules simultaneously onto the MoS 2 substrate at a rate of 0.03 ML/min, while the substrate was kept at room temperature. The thickness of the film was about 5 MLs. Figure 5 (a) shows a topographic image of the metal phthalocyanine thin film using the second flexural mode with an oscillation amplitude of 1.2 nm. Individual molecules are clearly resolved in the images, although we could not yet determine whether the resolved molecules were PbPc or CuPc. During the generation of a topographic image by 2nd-FM-AFM, we applied V ac of 15 mV at f 1 , and the in-phase component at f 1 in the deflection signal was recorded as an electrostatic force image, as shown in Fig. 5(b) , which clearly shows molecular-resolution contrast. The resolution was greatly improved compared to the surface potential image of the CuPc thin film in Ref. 20 , which was obtained by conventional FM-KFM using the first flexural mode and a small modulation voltage.
IV. CONCLUSIONS
We examined a novel scheme for KFM/EFM measurements with small oscillation amplitudes using the second flexural resonance mode of the cantilever. In this scheme, electrostatic force detection is carried out by detecting the modulated displacement at the first flexural resonance frequency (SA-AM-KFM). We calculated SNRs of conventional schemes and the novel scheme using practical experimental parameters, and showed that the SNR of SA-AM-KFM is much higher than that of the others because of the reduced average tip-sample distance, and lower spring constant and higher quality factor of the first flexural mode. We also performed surface potential measurements on metal phthalocyanine molecules using the SA-AM-KFM scheme, and showed an increase of the SNR compared to that of conventional FM-KFM using the first flexural mode.
